The aim of this paper is to develop and manufacture a thermoelectric structure operating in Peltier mode with non-standard materials, using a Finite Element Model. Thus, both the reliability of the Finite Element Model and the correct development and design of the new thermoelectric structure are ascertained, achieving a dual goal of our research group. This work provides a very good correlation between simulated and experimental results, and corroborates that the material's performance has a decisive influence on the thermoelectric properties of the structure in the temperature range of study considered.
Introduction
Since the discovery of thermoelectric phenomena two centuries ago (Seebeck effect, Peltier effect, and Thomson effect), their application in both heat pump (Peltier effect) and electrical power generation (Seebeck effect) has experienced an important increase during the last 60 years.
Thermoelectric technology is currently spreading across many application areas such as power generation from waste heat (Kajikawa, 2006) , thermoelectric systems in the automotive industry (Matsubara and Matsuura, 2006) , as well as being applied to space missions (Abelson, 2006) and for cooling electronic components (Semenyuk, 2006) . Therefore, this article describes the development of a thermoelectric module made of non-standard p-n semiconductors. These materials are compounds of type (Bi 2 Te 3 ) 1ÀxÀy (Sb 2 Te 3 ) x (Sb 2 Se 3 ), and show good thermoelectric properties as n-type and p-type materials within a temperature range from 270 K to 450 K. These p-n semiconductors have been obtained through the BridgmanStockbarger technique (Kuznetsov et al., 2002) . It should be noted that the module suggested in this paper is intended to perform within a food cooling system and a cigar humidor, due to its low power consumption and its high refrigerating power.
Nowadays, authors such as Cai et al. (2011) have used analytical models to develop thermoelectric structures, obtaining optimal results. Other authors have used numerical methods to simulate the behaviour of thermoelectric modules (Yu and Zhao, 2007) . In this paper a discrete model based on Finite Elements was used. This model has been already tested in commercial structures and other internal developments through specific software (Pé rez-Aparicio et al., 2007 , 2012 . The results have been satisfactory, thus validating its utility.
Thermoelectric properties of materials considered
We have developed, characterized and tested thermoelectric plates with pellets made of materials generated and characterized within the research group. The materials used are the following: These materials can form cells of two types: one with M P1 and M N pairs, and another one with M P2 and M N pairs. This paper shows the development of a structure with M P1 and M N materials. The thermoelectric properties at room temperature (300 K) of these materials are shown in Table 1 .
Design and simulation model
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From Equation (4), the value of the derivatives can be obtained according to the intrinsic characteristics of the semiconductor:
If d V and d T are vectors containing the unknowns:
Then we can apply the NewtoneRaphson iterative process in order to find the values for d V and d T . The process can be described in matrix form as follows, where i is the corresponding iteration:
In Equations (5) In the simulation, it is assumed that all pairs of thermocouples behave the same way. This depends mainly on the temperature distribution between the two faces of the pellet (Antonova and Looman, 2005) . If the temperature on the faces is homogeneous, all pairs of thermocouples work under the same conditions. Therefore, including only one pair of thermocouples is enough, considering the top as the cold face, and the bottom as the hot face. Electric current enters the model through the bottom left side of the copper conductor, and leaves it through the bottom right side (Fig. 1) .
Q1
It was decided to build a board of 49 pairs of thermocouples, with pellets made of the materials considered, M P1 and M N . These pellets have a size of 3 mm Â 3 mm Â 3 mm. The total sizing of the thermoelectric system with distribution of the 49 pairs (98 pellets) is shown in Figs. 2 and 3. 
Boundary conditions
The boundary conditions have been established as follows:
-It is assumed that the entire contour is open. Therefore, the contour is not thermally insulated and the ceramic faces (upper and lower) are considered at homogeneous temperatures T h and T c . Moreover, there is convection in the thermocouples. After the transient period T h and T c tend to be constant.
-It is assumed that the entire contour is electrically insulated, except for the ends of the copper conductors through which electric current enters and leaves.
The model supports three input parameters: the electric current through the module, the temperature of the hot face, and the temperature of the cold face. The model calculates the voltage and temperature in domain points, obtaining The M P1 sample has a higher carrier concentration compared to the M P2 sample. Therefore, M P1 has higher electrical and thermal conductivity. Both samples show a thermal conductivity lower than Bi 2 Te 3 (Ivanova et al., 2002) Q2 . i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n x x x ( 2 0 1 3 ) 1 e6 3   261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304 both current and heat flux. From this spatial distribution, we can also obtain important operating parameters of the pellets, such as the voltage applied to the couple, the heat extracted from the cold face and the heat dissipated on the hot face.
This last parameter is not independent of the rest, since the heat dissipated on the hot face must equal the heat absorbed by the cold face plus the electrical power consumed. However, the heat dissipated on the hot face obtained by the model confirms that everything works properly. In order to relate the operating conditions of the pellet to the parameters of the model, we will take the considerations described below.
Input parameters
Electric current. All thermoelectric couples are connected in series and supplied by constant voltage, which means that the total electrical power consumed by the cell flows through the couples. This model includes 49 couples, so the electric current applied to the model will be the same that flows through a pellet, that is I T ¼ I couple ¼ I pellet .
Output parameters
Voltage. The total voltage applied to the thermoelectric system is the sum of all couples, that is,
To maintain the value of the electric current I pellet it is necessary to supply the system with a voltage V T .
Heat flux. The heat exchanged between the plate and the faces is the amount of heat for every couple, that is, Q T ¼ 98 Â Q pellet , assuming no losses in all associated elements (ceramics, welding, etc.).
The results obtained in the simulations, taking into account the complete structure parameters, are described in detail in the following sections.
4.
Structure study operating in Peltier mode
Results obtained in the simulation
Considering that the thermoelectric structure is working in Peltier mode, the following results were obtained with 250 differential elements in the iteration. In these simulations we can see the theoretical behaviour of the plate, which can then be compared to the measurements carried out on the developed structure. The theoretical development of temperature Fig. 1 e Scanning Seebeck microprobe carried out on a M P1 pellet. Fig. 2 e Design scheme of the thermoelectric module.
i
in the time domain for different values of input current (1A, 1.5A, 2A, 2.5A and 3A) for 100 s is shown in Fig. 4 .
Experimental results
The measurements on the designed and developed structure were performed with the same values of electrical current (1A,
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Comparisons between simulation results and experimental results show a very good correlation, especially regarding the heat extracted from the cold face. Furthermore, it should be noted that small deviations in temperature are largely due to the not well-known values of the actual conductivity and thickness of the copper junctions of the thermocouple implemented during the development of the module. Moreover, it should be pointed out that deviations obtained by Cai et al. (2011) and Yu and Zhao (2007) with their modules are in the same order of magnitude as those obtained with the model proposed in this paper.
Thus, in addition to characterising the thermoelectric structure, the reliability of the Finite Element Model used has been verified, since the theoretical values obtained are very similar to the experimental results. Furthermore, as discussed above, the influence of thermoelectric materials on the module behaviour in the considered temperature range of study has been confirmed to be decisive. i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n x x x ( 2 0 1 3 ) 1 e6
